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(57) ABSTRACT

A packaged MEMS device and a method of calibrating a
packaged MEMS device are disclosed. In one embodiment a
packaged MEMS device comprises a carrier, a MEMS device
disposed on the substrate, a signal processing device disposed
on the carrier, a validation circuit disposed on the carrier; and
an encapsulation disposed on the carrier, wherein the encap-
sulation encapsulates the MEMS device, the signal process-
ing device and the memory element.
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1
PACKAGED MEMS DEVICE AND METHOD
OF CALIBRATING A PACKAGED MEMS
DEVICE

TECHNICAL FIELD

The present invention relates generally to an adjustable
ventilation opening in a MEMS structure and a method for
operating a MEMS structure.

BACKGROUND

A MEMS (MicroElectrical-Mechanical System) micro-
phone comprises a pressure-sensitive membrane or dia-
phragm disposed in a silicon chip. The MEMS microphone is
packaged together with an amplifier. The MEMS microphone
and the amplifier may be located on different chips or on the
same chip. The MEMS microphone may also include an
analog-to-digital converter (ADC) circuit making it a digital
MEMS microphone.

SUMMARY OF THE INVENTION

In accordance with an embodiment of the present inven-
tion, a packaged MEMS device comprises a carrier,a MEMS
device disposed on the carrier, a signal processing device
disposed on the carrier, a validation circuit disposed on the
carrier; and an encapsulation disposed on the carrier, wherein
the encapsulation encapsulates the MEMS device, the signal
processing device and the memory element.

In accordance with an embodiment of the present inven-
tion, a method of calibrating a packaged MEMS device com-
prises applying a signal to the packaged MEMS device, mea-
suring a sensitivity of the packaged MEMS device,
comparing the measured sensitivity with a target sensitivity
of the packaged MEMS device, selecting values for at least
one of a bias voltage and an IC gain, and storing the values in
a memory element of the packaged MEMS device.

In accordance with an embodiment of the present inven-
tion, a method for calibrating a packaged MEMS device
comprises measuring a resonance frequency of the packaged
MEMS device, comparing the resonance frequency with a
target resonance frequency of the MEMS device, selecting
values for at least one of a bias voltage and an ASIC gain and
storing the values in a memory element in the packaged
MEMS device.

In accordance with an embodiment of the present inven-
tion, a method for calibrating a packaged MEMS device
comprises measuring a first capacitance of the packaged
MEMS device for a first bias voltage, measuring a second
capacitance of the packaged MEMS device for a second bias
voltage and calculating a slope of a difference between the
first bias voltage and the second bias voltage, and a first
capacitance and a second capacitance. The method further
comprises comparing the calculated slope with a target slope,
setting values for at least one of a bias voltage and an IC gain,
and storing the values in a memory element of the packaged
MEMS device.

In accordance with an embodiment of the present inven-
tion, a method for calibrating a packaged MEMS device
comprises measuring at least one of a sensitivity, a resonance
frequency and a capacitance slope of a MEMS device on a
wafer or on a singulated die, storing the measured informa-
tion, assembling the MEMS device to a packaged MEMS
device and programming the packaged MEMS device with
values based on the stored measured information.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, and the advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIGS. 1a and 156 show a packaged MEMS device;

FIG. 2 shows an embodiment of a packaged MEMS device;

FIG. 3 shows a flowchart of an embodiment of calibrating
a packaged MEMS device;

FIG. 4 shows a flowchart of an embodiment of calibrating
a packaged MEMS device;

FIG. 5 shows a flowchart of an embodiment of calibrating
a packaged MEMS device; and

FIG. 6 shows a flowchart of an embodiment of calibrating
and packaging a MEMS device.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the presently preferred embodi-
ments are discussed in detail below. It should be appreciated,
however, that the present invention provides many applicable
inventive concepts that can be embodied in a wide variety of
specific contexts. The specific embodiments discussed are
merely illustrative of specific ways to make and use the inven-
tion, and do not limit the scope of the invention.

The present invention will be described with respect to
preferred embodiments in a specific context, namely a pack-
aged microphone or sensor. The invention may also be
applied, however, to other packaged MEMS devices such as
RF MEMS, accelerometers and actuators.

Silicon microphones are used in cell phones, notebooks
and other devices. There is a trend to use more than one
microphone per device, e.g., for noise cancellation or direc-
tionality. In those applications, each microphone should have
substantially equal sensitivity, i.e. low sensitivity tolerances
may be required.

For silicon microphones sensitivity tolerances of +/-3 dB
aretypical. However, for multiple microphone applications as
described above narrower sensitivity tolerances such as +/-1
dB may be required.

However the MEMS manufacturing process often pro-
duces MEMS devices with sensitivity tolerances of more than
+/-3 dB or even more than +/-5 dB sensitivity. Sensitivity
tolerances may even become worse when the MEMS device
is packaged together with a signal processing device into a
packaged MEMS device.

In an embodiment the packaged MEMS device is cali-
brated by measuring the sensitivity of the movable electrode
directly in the packaged MEMS device. In another embodi-
ment the packaged MEMS device is calibrated by measuring
the resonance frequency of the packaged MEMS device. In
yet another embodiment the packaged MEMS device is cali-
brated by measuring the capacitance slope of the packaged
MEMS device. Finally, in an embodiment the packaged
MEMS device comprises a memory element.

FIGS. 1a and 156 show a cross sectional view of a packaged
MEMS device 100 such as a packaged silicon microphone.
The packaged MEMS device 100 device comprises a carrier
110, a MEMS device 120, an integrated circuit 130, and an
encapsulation 140 providing a front volume 150 and a back
volume 155. The packaged MEMS device 100 may comprise
a hole 160 in the encapsulation (FIG. 1a) or a hole 170 in the
carrier 110 (FIG. 16). The MEMS device 120 may be a single
chip or die and the signal processing device 130 may be a
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single chip or die. Alternatively, the MEMS device 120 and
the signal processing device 130 may be an integrated single
monolithic chip or die.

The carrier 110 may be a ceramic, a printed circuit board
(PCB) or a similar substrate. The MEMS device 110 may be
a microphone, pressure sensor or a transducer. The MEMS
device 110 is disposed on the carrier 110 using adhesive
material for example. The MEMS device 110 may be flip chip
or bonded such that the contacts facing away from the carrier
110. The signal processing device 130 may be a signal pro-
cessing circuit, an amplifier circuit, an ADC or combinations
thereof. The MEMS device 120 and the signal processing
device are electrically connected via bond wires or conduc-
tive lines in the carrier 110.

The encapsulation or casting 140 may be an acoustic pack-
age. The encapsulation 140 protects the MEMS device 120
and the signal processing device 130 against environmental
influences such as mechanical damage. The encapsulation
140 may comprise polymer material.

FIG. 2 shows a block-diagram of a package MEMS device
200. The packaged MEMS device 200 comprises a MEMS
device 220, a signal processing device 230, a memory device
or element 235, and a validation circuit 236.

The MEMS device 220 comprises a circular membrane or
diaphragm or a rectangular diaphragm. Alternatively, the
MEMS device 220 comprises a diaphragm with a different
suitable geometrical form. The MEMS device 220 may com-
prise a capacitive actuation, a piezoelectric actuation or a
thermal actuation. The signal processing device 230 may be a
preamplifier, an amplifier, an analog to digital converter
(ADC) or a combination thereof. The signal processing
device 230 may be an ASIC.

The memory element 235 may be integrated into the signal
processing device 230 (such as an embedded flash memory)
or may be a stand-alone device. The memory element 235
may be volatile memory or non-volatile memory. The non-
volatile memory element 235 may be a flash memory (NOR
and NAND type), a magneto resistivc RAM (MRAM), a
conductive bridging RAM (CBRAM), a ferroelectric RAM
(FeRAM), a phase change memory (PCRAM), or a SONOS.
Alternatively, the memory element 235 may be a fuse or a
plurality of fuses. The volatile memory element 235 may be a
DRAM or a SRAM.

The validation circuit 236 may be integrated in the signal
processing device 230. The validation circuit may be config-
ured to measure a signal. The signal to be measured may be an
amplitude of an output signal for a sensitivity measurement.
Alternatively the signal to be measured may be an impedance
of the packaged MEMS device 220. The packaged MEMS
device 220 may comprise an additional test pin.

The packaged MEMS device may be manufactured com-
prising the following steps: optionally forming a hole in the
carrier to expose a portion of the MEMS device; disposing a
first chip comprising a MEMS device such as a transducer on
the carrier; disposing a second chip comprising a signal pro-
cessing device on the carrier; electrically connecting the first
chip and the second chip; encapsulating the MEMS device
and the signal processing device with an encapsulation mate-
rial (package); and optionally forming a hole in the encapsu-
lation material.

Alternatively, the packaged MEMS device is manufactured
as follows: optionally forming a hole in the carrier to expose
a portion of the MEMS device, disposing an integrated chip
comprising the MEMS device (transducer) and the signal
processing device on the carrier, encapsulating the carrier
with an encapsulation material (package), and optionally
forming a hole in the encapsulation material.
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In an embodiment the packaged MEMS device is cali-
brated by measuring the sensitivity of the packaged MEMS
device, e.g., the silicon microphone directly in the packaged
MEMS device. As the packaged MEMS device sensitivity is
eventually the parameter to be controlled, any possible influ-
ences from the signal processing device and the package itself
are included. FIG. 3 shows a flow chart of a calibration of the
packaged MEMS device. The proposed calibration procedure
includes the following steps: The MEMS device and the
signal processing device are assembled in a single MEMS
device package, e.g., microphone package (step 302). A
defined signal to the packaged MEMS device is applied (step
304). The applied signal may have a defined sound pressure at
a defined frequency. For example, the defined sound pressure
is in a range of about 60 dB sound pressure level (SPL) to
about 110 dB SPL, and the frequency is in a range of about
100 Hz to about 20 kHz. In a particular example, the signal
has a sound pressure of about 94 dB SPL and a frequency of
about 1 kHz. Alternatively, the defined sound pressure is in
the range of about 80 dB SPL to about 100 dB SPL and the
frequency is in a range of about 500 Hz to about 5 kHz.

Next, the sensitivity of the packaged MEMS device is
measured for the applied signal (step 306). For example, the
sensitivity is measured by measuring an amplitude of the
output signal as a response of the applied signal. The sensi-
tivity of the packaged MEMS device can be measured with
external test equipment or with a validation circuit integrated
in the packaged MEMS device and/or the signal processing
device. At step 308, the measured sensitivity of the packaged
MEMS device is compared with a target sensitivity of the
packaged MEMS device. Based on the result, values for the
bias voltage and the signal processing gain are selected (step
310). These values may be selected from a lookup table.
Finally, at step 312, these values for the bias voltage and the
signal processing gain, e.g. ASIC gain, are programmed and
stored in the memory element such as a flash device, a non-
volatile memory device and/or a fuse structure.

In an embodiment the packaged MEMS device is cali-
brated by measuring the resonance frequency of the packaged
MEMS device. As the MEMS device is a packaged device
when the resonance frequency is applied any possible influ-
ences from the package itself and the signal processing device
are included in the measurement. A separate calibration of the
signal processing device is not necessary.

FIG. 4 shows a flow chart for calibrating the packaged
MEMS device. The calibration procedure comprises: In step
402, the MEMS device and the signal processing device is
assembled in a single MEMS device package, e.g., a micro-
phone package. Then, the resonance frequency of the pack-
aged MEMS device is measured (step 404). The resonance
frequency may be measured by applying a DC bias voltage to
the packaged MEMS device. The DC bias voltage is in the
range for normal operation, e.g., about 0.1V to about 5V or
about 0.1V to about 20V. The DC bias voltage is mixed or
superimposed with an AC voltage.

The AC voltage may be smaller than the DC bias voltage.
For example, the AC voltage may be in the range of 0.1 V to
about 0.2V, alternatively, the AC voltage may be in the range
of'about 0.1 V to about 0.5 V. The AC voltage may be sinu-
soidal. Varying the frequency of the sinusoidal voltage, the
resonance frequency of the packaged MEMS device can be
determined. For example, the resonance frequency can be
measured using test equipment such as an impedance ana-
lyzer. An advantage is that the resonance frequency has a
much better correlation with the MEMS sensitivity than the
glitch voltage for example.
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The resonance frequency may be measured measuring the
impedance of the MEMS packaged MEMS device. For
example, the resonance frequency is measured by changing
the frequency and measuring the impedance. The minimum
of the impedance indicates the resonance frequency. The
impedance of the packaged MEMS device can be measured
with external test equipment or with a validation circuit inte-
grated in the packaged MEMS device and/or the signal pro-
cessing device.

Next at step 406, the correlation between resonance fre-
quency and MEMS sensitivity is described as follows:

— Vhias k

Xo psi*l* [

wherein V. is the bias voltage for the packaged MEMS
device, X, is the height of air gap (or the distance between the
movable electrode and the counter electrode), p,; is the den-
sity of the movable electrode material, e.g. silicon, t is the
thickness of movable electrode, f . is the resonance fre-
quency of the movable electrode and k is a constant. Reso-
nance frequencies f,,; are typically measured for a frequency
range of about 1 kHz to about 200 kHz or a range of about 5
kHz to about 50 kHz.

The measured resonance frequency f,,, is compared with a
target resonance frequency 1, ..., (step 406). The packaged
MEMS device is calibrated by adjusting the values of the bias
voltage and/or signal processing gain (e.g. ASIC gain) so that
the measured resonance frequency f, . is about the same as the
target resonance frequency T, ..., (step 408). The new val-
ues may be selected from a look-up table. The values of the
bias voltage and/or the signal processing gain are pro-
grammed to and stored in the memory element of the pack-
aged MEMS device (step 410).

In one embodiment the MEMS device, e.g., microphone, is
calibrated by measuring the resonance frequency of the
MEMS device itself or the MEMS device chip (and not the
resonance frequency of the packaged MEMS device).

In an embodiment the packaged MEMS device is cali-
brated by measuring the capacitance slope of the packaged
MEMS device for at least two different bias voltages. As the
packaged MEMS device sensitivity is eventually the param-
eter to be controlled, any possible influences from the signal
processing device and the package itself are included in the
measurement. FIG. 5 shows a flow chart of a calibration of the
packaged MEMS device.

The calibration procedure comprises: A MEMS device and
a signal processing device is assembled in a packaged MEMS
device (step 502). Next, a first capacitance value for a first
bias voltage (step 504) is measured and a second capacitive
value for a second bias voltage is measured (step 506). Both
bias voltages may be smaller than the pull-in voltage. For
example, both bias voltages are each below about 4V or each
below about 15 volt. In the next step at 508, the slope for
C,-C,/V -V, (AC/AV) is calculated. The slope of the pack-
aged MEMS device can be calculated with external test
equipment or with a validation circuit integrated in the pack-
aged MEMS device and/or the signal processing device.

Then at step 510, the calculated/measured slope is com-
pared to a target slope. The packaged MEMS device is cali-
brated by adjusting the bias voltage and/or signal processing
gain so that the measured slope is about the same as the target
slope (step 512). These values may be selected from a lookup
table. Finally at 514, the new values for the bias voltage
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6

and/or the signal processing gain are programmed to and
stored in the memory element.

In one embodiment the MEMS device, e.g., microphone, is
calibrated by measuring the slope of the MEMS device itself
or the MEMS device chip (and not the slope of the packaged
MEMS device).

In one embodiment the packaged MEMS device is cali-
brated by a combination of the previous measurements. For
example, the packaged MEMS device is calibrated by mea-
suring the sensitivity and the capacitance slope.

In an embodiment a MEMS device is calibrated by mea-
suring at least one of a sensitivity, a resonance frequency or a
capacitance slope on the device level before the MEMS
device is packaged. FIG. 6 shows a flow chart of a calibration
and a packaging of the MEMS device.

The calibration procedure comprises: In a first step 602,
measuring at least one of a sensitivity, a resonance frequency
or a capacitance slope of the MEMS device. The sensitivity,
resonance frequency or capacitance slope is measured on the
wafer or the singulated die (measured information). The mea-
sured information is stored is stored for example on a wafer-
map (step 604). Next, the MEMS device and a signal process-
ing device is assembled and packaged to a packaged MEMS
device (step 606). Finally in step 608, the packaged MEMS
device is programmed based on the measured information.
For example, the measured information is compared to the
target information and values for the bias voltage are selected
so that the measured information is about the same as the
target information. The values for the bias voltage are stored
in the memory element.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention as
defined by the appended claims.

Moreover, the scope of the present application is not
intended to be limited to the particular embodiments of the
process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from the
disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or
steps, presently existing or later to be developed, that perform
substantially the same function or achieve substantially the
same result as the corresponding embodiments described
herein may be utilized according to the present invention.
Accordingly, the appended claims are intended to include
within their scope such processes, machines, manufacture,
compositions of matter, means, methods, or steps.

What is claimed is:
1. A method for calibrating a packaged MEMS device, the
method comprising:

measuring a first capacitance of the packaged MEMS
device for a first bias voltage;

measuring a second capacitance of the packaged MEMS
device for a second bias voltage;

calculating a slope of a difference between the first bias
voltage and the second bias voltage, and the first capaci-
tance and the second capacitance;

comparing the calculated slope with a target slope;

setting values for a bias voltage based on comparing the
calculated slope with the target slope, wherein the bias
voltage is set to adjust a AC/AV slope of the MEMS
device to be about equal to the target slope; and

storing the values in a memory element of the packaged
MEMS device.
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2. The method according to claim 1, wherein the first bias
voltage and the second bias voltage are each less than 4V or
are each less than 15V.
3. The method according to claim 1, wherein the packaged
MEMS device comprises a MEMS device, and wherein the 5
memory element is monolithically integrated in the MEMS
device.
4. The method according to claim 1, wherein the packaged
MEMS device comprises a MEMS device, and wherein the
memory element is a stand-alone device and the MEMS 10
device is a stand-alone device.
5. The method according to claim 1, wherein the packaged
MEMS device comprises a microphone, a sensor, a RF
MEMS, an accelerometer or an actuator.
6. The method according to claim 1, further comprising: 15
setting values for a signal processing gain based on com-
paring the calculated slope with the target slope, wherein
the signal processing gain is set to adjust a AC/AV slope
of'the MEMS device to be about equal to the target slope;
and 20

storing the values for the signal processing gain in the
memory element of the packaged MEMS device.

7. The method according to claim 6, wherein the signal
processing gain is an amplifier gain.

#* #* #* #* #* 25



